In visual search, the detection of pop-out targets is facilitated when the target-defining dimension remains the same compared with when it changes across trials. We tested the brain regions necessary for these dimensional carry-over effects using a voxel-based morphometry study with brain-lesioned patients. Participants had to search for targets defined by either their colour (red or blue) or orientation (right-or left-tilted), and the target dimension either stayed the same or changed on consecutive trials. Twenty-five patients were categorized according to whether they showed an effect of dimensional change on search or not. The two groups did not differ with regard to their performance on several working memory tasks, and the dimensional carry-over effects were not correlated with working memory performance. With spatial, sustained attention and working memory deficits as well as lesion volume controlled, damage within the right inferior parietal lobule (the angular and supramarginal gyri) extending into the intraparietal sulcus was associated with an absence of dimensional carry-over (P 5 0.001, cluster-level corrected for multiple comparisons). The data suggest that these regions of parietal cortex are necessary to implement attention shifting in the context of visual dimensional change.
Introduction
In traditional visual search experiments, participants are required to detect the presence of a predefined target item (e.g. a red bar) surrounded by varying numbers of irrelevant distracter items (e.g. green bars). Mü ller and colleagues. (Mü ller et al., 1995; Found and Mü ller, 1996; Mü ller and O'Grady, 2000) observed that in such tasks, reaction times are significantly faster when the target was defined within the same dimension in consecutive trials (e.g. odd one out in red ! odd one out in red) compared with when the dimension of the target changed (e.g. odd one out in red ! odd left-tilted item). In contrast with this, a change of the feature value within one dimension (e.g. from a right-to a left-tilted target (the target's dimension could be allocated 'attentional weight'; see Duncan and Humphreys, 1989; Bundesen, 1990) . When consecutive targets were defined along the same dimension, there did not need to be any change in the attentional weights for detection to take place. In contrast, reaction times were slowed to targets defined along different dimensions due to the need for attentional weights to be shifted from one dimension to the other.
Dimensional effects on visual search are assumed to occur early in visual processing (Mü ller et al., 1995; Tö llner et al., 2008) , enhancing the accrual of information from targets when the target-defining dimension is carried over across trials relative to when it changes. The electrophysiological correlates of these dimensional carry-over effects in search were investigated by Gramann et al. (2007) . On dimensional change trials, the amplitude of the fronto-centrally distributed N2 component was increased relative to dimensional repeat trials. This systematic variation likely reflects the rapid detection of dimensional changes. The P3 component was also delayed on dimension change trials. Gramann et al.'s (2007) results support the idea that relatively early, perceptual processes (N2), as well as later attention-related processes (P3), are associated with dimensional change (see also Tö llner et al., 2008 for confirmatory evidence for effects on N2). Gramann et al. (2010) further investigated the modulation of early visual processes through dimension-based attention using a singleton search task. The search display was preceded by an identical cue array with a spatially (not dimensionally) predictive singleton. In addition to replicating the modulation of the N2 component, Gramann et al. (2010) found modulations in the (early) P1 component. P1 amplitudes were enhanced for targets defined in the same dimension as the cue (independent of whether the target carried the same or a different feature). The enhanced amplitude of the P1 component is consistent with attentional weight being applied to early visual input modules (Gramann et al, 2010) . Pollmann et al. (2000) using functional MRI found that in comparison with trials where the target dimension remained the same in search, dimension-change trials were associated with increased activation in the left fronto-polar cortex and the right superior parietal lobule and intraparietal sulcus, as well as along the cuneus/precuneus border in the right hemisphere. Increased activation was also found in the left middle-temporal gyrus and anterior prefrontal areas (in the fronto-polar cortex) along with the supramarginal gyrus. Also, when a dimensional change occurred, the activation in the striate cortex was decreased in comparison with no-change trials. Pollmann et al. (2000) argued that attentional shifts between different dimensions are controlled by the fronto-polar cortex.
In a subsequent functional MRI experiment, Weidner et al. (2002) used both (i) a conjunction search task with targets defined by a unique combination of size and either colour or motion direction; and (ii) a feature search task in which targets were defined by a simple feature contrast in one of the dimensions. Changes of the secondary target dimension (colour or motion) across trials in the conjunction task increased reaction times to a higher degree than in the feature search task. The left fronto-polar cortex showed increased activation when stimulus-driven dimensional changes occurred in the feature search task, while fronto-medial cortex increased activity when dimensional changes occurred in conjunction search (Weidner et al., 2002) .
Though the functional MRI studies implicate both prefrontal and posterior parietal brain regions as being important for dimensional carry-over effects in search, the results are correlatory in nature and do not demonstrate the necessary role of any implicated brain regions. Our understanding of the brain regions necessary for dimensional carry-over effects can be enhanced by study of the effects of brain lesions, which can show behavioural changes linked to the site of the lesion (lesion-symptom mapping). In the current study, we use lesion-symptom mapping to evaluate the brain areas necessary for dimensional carry-over. Specifically, the approach we take is to use voxel-based morphometry, where we evaluate the correlations between behavioural changes and alterations to individual brain voxels in an unselected group of patients. In voxel-based morphometry, patients without the behavioural deficit can serve as controls for patients where there is behavioural change, controlling for effects of damage due (e.g.) to the vascular territory that might be affected. Here, we evaluate which brain areas are necessary for dimensional carry-over effects by testing for lesion-symptom correlations in our unselected patient sample.
Previously, using the lesion-symptom mapping approach, Pollmann et al. (2007) tested the hypothesis that the left fronto-polar cortex is involved in shifts of attention between different dimensions by testing patients with left fronto-polar cortex lesions in comparison with patients with fronto-medial lesions. Dimensional changes caused significantly higher costs in patients with left fronto-polar cortex lesions. These results support the idea of the left fronto-polar cortex mediating dimension weighting in feature search. This positive evidence for an involvement of frontal cortex is in contrast with negative neuropsychological evidence on the involvement of other regions. For example, Kristjá nsson et al. (2005) reported that dimensional carry-over effects in search were preserved in two patients with left neglect after damage to the inferior parietal lobule and superior temporal gyrus. This result is potentially important, since it suggests that the posterior parietal cortex may not play a general role in modulating non-spatial (feature-based) as well as spatial visual attention (Kanwisher and Wojciulik, 2000) , but, given that only two patients were tested, this conclusion should be tentative.
In the present study, we took a different approach to examining neural substrates in shifting attention across stimulus dimensions. Rather than testing patients with specific brain lesions, we examined an unselected group of patients and distinguished them according to whether they did or did not demonstrate a dimensional carry-over effect in search.
We applied observer-independent voxel-based morphometry based on a robust statistical method within the framework of a general linear model (Ashburner and Friston, 2000) to assess the association between behavioural performance in visual search and the brain lesions. Our study differs from previous patient reports in terms of both the approach to image analysis that we adopt (voxel-based morphometry versus simple lesion comparison) and our use of an unbiased patient sample (patients were not pre-selected based on any clinical, anatomical or neuropsychological criteria), and in using this sample, we were able to examine common structure-function relationships across the whole brain. Furthermore, the whole brain voxel-based morphometry analysis provided us with the opportunity to control in our analyses for age-related changes (reflecting the level of atrophy), lesion volume and presence of visuospatial attention deficits across the patient sample, all factors that could mediate performance in individual patients. . All participants provided written informed consent in agreement with ethics protocols at the School of Psychology and Birmingham University Imaging Centre. All patients had normal or corrected-to-normal vision. Some of the patients had prior experience with visual search tasks but were naïve as to the purpose of this experiment.
Materials and methods

Participants Patients
Healthy control subjects
We also acquired T 1 -weighted images from 100 healthy control subjects (55 males and 45 females, mean age 54.5 years, range 20-87 years) with no history of stroke, brain damage or neurological disorders. The structural scans from the healthy control subjects were used to estimate lesion volume in the patients. All the controls provided written informed consent in agreement with ethics protocols at the School of Psychology and the Birmingham University Imaging Centre.
A small group of six control participants (three males and three females) with ages ranging from 58 to 80 years (mean = 72 years; SD = 9.06 years) was also tested with the visual search task.
All control subjects had normal or corrected-to-normal vision. Some of the controls had prior experience with visual search tasks but were naïve as to the purpose of this experiment.
Cognitive assessment Behavioural task: dimensional effects
Stimuli were presented on a black background on a 17-inch monitor with an 800 Â 600-pixel screen resolution. Patients were positioned $70 cm from the screen. Responses were recorded from a keyboard. 
Only right and left arrow keys were used to enable patients to perform the task with one hand. The display consisted of a 5 Â 5 or 6 Â 6 matrix of bar stimuli. Each bar subtended an area of $1.34 of visual angle in height and of $0.34 of visual angle in width. The bars in the matrix were slightly jittered with the horizontal distance between neighbouring bars varying between 1.7 and 3.56 of visual angle and the vertical distance between 0.98 and 2.33 of visual angle. Target bars were either defined by colour (red vertical or blue vertical) or by orientation (45 tilted to the left, 45 tilted to the right). Distractor items were green vertical bars. Targets were presented at one randomly selected location of the inner 4 Â 4 matrix of the 5 Â 5 matrix or the inner 5 Â 5 matrix of the 6 Â 6 matrix to avoid edge effects (i.e. targets at the edges of the display are selected more slowly than targets at the centre of the display). Within blocks, the trials were presented in a pseudo-randomized order to ensure that trials from each condition were preceded equally often by a trial from each of the other conditions. Participants completed four sessions of 12 blocks, each consisting of 40 trials resulting in 1920 trials in total. At the start of each session, 24 practice trials were presented containing all possible target types and display sizes. Data from this block were then discarded. Each session consisted of four cross-dimension search blocks, which contained both colour-and orientation-defined targets. Of the remaining eight within-dimension search blocks, half contained only colour-defined targets and the other half only orientation-defined targets. In consecutive target present trials, targets were either defined by the same dimension and the same feature (red ! red; same dimension same feature), by the same dimension but a different feature (blue ! red; same dimension different feature) or by different dimensions (blue ! orientation; different dimensions). To take account of the spatial deficits in the patients, we collected enough trial pairs for each of the three different intertrial transition conditions to assess performance separately in the left and right hemifields. On 80% of the trials in the within (same dimension same feature, same dimension different feature) as well as in the cross dimension (different dimensions) blocks, a target was present; on 20%, it was absent. For each condition (same dimension same feature, same dimension different feature and different dimension), at least 50 trial pairs were presented.
A trial started with the presentation of a centrally presented fixation cross for 500 ms, followed by a blank for 500 ms and then the simultaneous presentation of either 25 or 36 bars. The display stayed on the screen until the observer responded. During each session, observers had to press one arrow key for target present and the other arrow key for target absent responses. We did not change the response key between blocks (only between sessions) to avoid confusing the patients. A white fixation hash was displayed during the intertrial interval, which lasted either 800, 1000 or 1200 ms. During the practice block, feedback was provided about the accuracy of the answer.
Visuo-spatial attention and working memory battery
In order to measure the visuo-spatial deficits associated with spatial neglect and visual extinction, we used an assessment based on tests from the Birmingham Cognitive Screen battery including the Apples Cancellation task (a measure of neglect), the Visual Extinction Test and an Auditory Attention task (providing measures of working memory and sustained attention) (Chechlacz et al., 2010; Bickerton et al., 2011; Humphreys et al., 2012) . Patients were classed as having a clinical deficit in spatial neglect and visual extinction if their scores on the Apples and Visual Extinction tests fell outside the norms for the tests taken from 86 control participants with no history of neurological diseases (35 males and 51 females, mean age 67 years, range 47-88 years). The resulting spatial deficits of the patients are listed in Table 1 . Visual working memory of all patients was tested using the Corsi block test (Corsi, 1972) , and sustained attention was furthermore measured with the digit span forward and backward (contrasting backward against forward span; see Robertson, 1990) .
Neuroimaging assessment
All patients and healthy control subjects were scanned at the Birmingham University Imaging Centre on a 3 T Philips Achieva MRI system with 8-channel phased array SENSE head coil. We acquired all anatomical scans using a sagittal T 1 -weighted sequence (echo time/ repetition time = 3.8/8.4 ms, voxel size 1 Â 1 Â 1 mm 3 ).
Image preprocessing
All T 1 scans (both from patients and healthy control subjects) were first converted and reoriented using MRICro (Chris Rorden, Georgia Tech). This was followed by image preprocessing with Statistical Parametric Mapping 5 (SPM, Wellcome Department of Cognitive Neurology, London, UK). All scans were then transformed into the standard MNI space using the unified-segmentation procedure (Ashburner and Friston, 2005) . The unified-segmentation protocol includes tissue classification based on the signal intensity in each voxel as well as on a priori knowledge of the expected localization of grey matter, white matter and CSF in the brain. To further improve tissue classification and spatial normalization of damaged brains, we used a modification in the segmentation procedure based on the recently published approach by Seghier et al. (2008) . This method was specifically designed to resolve problems with misclassification of damaged tissue by including an additional prior for an atypical tissue class (an added 'extra' class) to account for the 'abnormal' voxels within lesions and thus allowing classification of the outlier voxels. While earlier versions of SPM struggled with normalizing and segmenting brains containing large lesions (e.g. Stamatakis and Tyler, 2005) , the unified-segment procedure as implemented in SPM5 has been shown to be optimal for spatial normalization of lesioned brains (Crinion et al., 2007) . The segmented images were next smoothed with 8-mm full-width at half-maximum Gaussian filter to accommodate the assumption of random field theory used in the statistical analysis (Worsley, 2003) . The choice of intermediate smoothing of 8 mm full-width at half-maximum was previously shown to be optimal for lesion detection and further analysis of segmented images (Seghier et al., 2008; Leff et al., 2009) . The preprocessed grey matter and white matter images were used for automated lesion definition using fuzzy clustering (Seghier et al., 2008) . Furthermore, segmented grey matter images were entered into voxel-based analyses to determine the neural substrates of dimensional effects. Previous studies (Leff et al., 2009; Price et al., 2010; Chechlacz et al., 2010 Chechlacz et al., , 2011 Chechlacz et al., , 2012 have demonstrated that the modified segmentation protocol combined with voxel-based morphometry is successful in facilitating the understanding of brain behaviour relationships in neurological patients.
Automated lesion identification
Lesion maps from individual patients were reconstructed using a modified segmentation procedure (as described above) and an outlier detection algorithm based on fuzzy clustering (see Seghier et al., 2008 for a full protocol as method validation based on real and simulated lesions on T 1 -weighted scans). Seghier et al.'s (2008) approach identifies voxels that are different in the lesioned brain compared with a set of healthy control subjects (here we used a set of 100 healthy control subjects) using normalized grey and white matter segments.
The grey matter and white matter outlier voxels were then combined into a single outlier image and thresholded to generate a binary map of the lesion. The results of lesion reconstruction were verified against the patient's T 1 scans. The lesion volumes for each patient were calculated using Matlab 7.5 (The MathWorks) based on individual lesions from automated lesion-identification procedure. The estimated lesion volumes of all individual patients were used as covariates in the statistical analyses (see below).
Voxel-based morphometry
Grey matter maps from all patients, obtained from their segmented T 1 scans, were used in further statistical analyses with SPM5, to assess the relationship between grey matter damage and dimensional effects on a voxel-by-voxel basis based on the voxel-based morphometry approach (Ashburner and Friston, 2000) . We used parametric statistics within the framework of the general linear model (Ashburner and Friston, 2000; Kiebel and Holmes, 2003) to carry out all analyses. To ensure that we could control for various confounding factors that could potentially affect cognitive performance, each statistical model included age, handedness, gender, time since diagnosis, type of lesion and lesion volume as covariates. The analysis included all 25 patients, and we compared 16 patients showing dimensional carry-over effects with nine patients who showed no dimensional effects at all. We controlled for spatial deficits in our patients, as poor performance on the task examining dimensional effects could be affected by either visual extinction or visual neglect, both of which may co-vary with our main task of interest. Furthermore we controlled for deficits in working memory and sustained attention, which co-vary with the neglect syndrome (e.g. Malhotra et al., 2005) . We report only results that showed significant effects at P 5 0.001 family-wise error (FWE)-corrected threshold at the cluster level with amplitude of voxels surviving P 5 0.001 (uncorrected) across the whole brain and an extended threshold of 800 mm 3 (4100 voxels). The anatomical localization of the lesion sites was based on the Duvernoy Human Brain Atlas (Duvernoy et al., 1991) and the Brain Atlas by Woolsey et al. (2008) . The brain coordinates are presented in the standardized MNI space (Evans et al., 1993) .
Results
The data were analysed by assessing the data on the non-lesioned control group relative to coarsely defined patient groups (based on coarse lesion descriptors: unilateral left, unilateral right, bilateral). Subsequently we classified the patients according to whether they showed a dimensional carry-over effect in their search behaviour, and we then used this classification in the voxel-based morphometry analysis.
Behavioural performance
Since no differences in reaction times and errors could be found between the two different set sizes (25 or 36 items) (P 4 0.05), the data were analysed together. Data for the two within-dimension conditions (same dimension same feature and same dimension different feature) were taken from the within-dimension blocks and data for the dimensional change condition (different dimensions) were taken from the cross-dimensional blocks. Firstly, errors and reaction times were analysed with a repeated measures ANOVA with two within-subject factors, intertrial transition (same dimension same feature, same dimension different feature and different dimensions) and the two hemifields (left and right); and one between-subjects factor, lesion (unilateral left, unilateral right and bilateral). The patient group consisted of seven patients with unilateral left, 10 patients with unilateral right and eight patients with bilateral lesions.
Accuracy Control group
The overall error rate of the non-lesioned control group was 0.52% (SD = 0.91). Hemifield, F(1,5) = 0.01; P = 0.940; partial 2 = 0.001, and intertrial transition, F(2,10) = 3.53; P = 0.069; partial 2 = 0.414, did not have a significant effect on the error rates of the control group. Furthermore, the factors did not interact, F(2,10) = 0.21; P = 0.815; partial 2 = 0.040.
Coarsely-defined patient groups
Overall error rates were 2.51% (SD = 5.14%). There was neither a significant effect of hemifield, F(1,22) = 3.88; P = 0.062; partial 2 = 0.150, nor of the different intertrial transitions on error rates, F(2,44) = 0.68; P = 0.511; partial 2 = 0.030, and there were no overall differences between the patient groups when defined coarsely by lesion (unilateral left, unilateral right and bilateral), F(2,22) = 0.63; P = 0.544; partial 2 = 0.054. There were no interactions, all P-values 4 0.050.
Reaction times
Control group
The analysis of the control group's reaction times (Fig. 1) showed a significant effect of the different intertrial transitions, F(2,10) = 38.17; P 5 0.001; 2 = 0.884. Reaction times were significantly slower in the dimensional change condition (mean = 667.58 ms; SD = 74.08 ms) in comparison with both within-dimension conditions [same dimension same feature: mean = 592.14 ms; SD = 57.06 ms; same dimension different feature: mean = 610.39 ms; SD = 61.14 ms; F(2,4) = 21.68; P = 0.002; 2 = 0.916]. The mean reaction time difference between the within-dimension conditions and cross-dimension condition was 65 ms. The data are presented in Fig. 1 .
Coarsely-defined patient groups
There was a significant effect of hemifield, F(1,22) = 9.26; P = 0.006; partial 2 = 0.296, and of the different intertrial transitions (same dimension same feature, same dimension different feature, different dimensions) on reaction times, F(2,44) = 14.19; P 5 0.001; partial 2 = 0.392. There was no significant main effect 
Redefining the patient groups
An inspection of individual data sets indicated that a subset of patients showed no dimensional effects on reaction times (n = 9; mean age = 65.00 years; SD = 12.98 years), while another subset did show significant dimensional carry-over effects (n = 16; mean age = 64.13 years; SD = 12.49 years).
A cluster-analysis revealed that a two-cluster model best fit the data. Cluster 1 described the subgroup with significant dimensional carry-over effects and Cluster 2 the subgroup showing no dimensional effects at all (see dendrogram in the Supplementary material).
In the group not showing dimensional effects, there were two left, three right and four bilateral patients. In the group showing effects, there were five left, seven right and four bilateral patients. To statistically confirm our classification of the patients, we conducted a repeated-measures ANOVA with the within-subject factors being hemi-field (left and right) and intertrial transition (same dimension same feature, same dimension different feature and different dimensions), and with a between-subject factor of dimensional carry-over group (dimensional effect and no dimensional effect). There were significant effects of hemifield, F(1,23) = 8.89; P = 0.007; partial 2 = 0.28, intertrial transition, F(2,46) = 12.78; 
No-dimensional carry-over group
There was a significant effect of hemifield on reaction times, F(1,8) = 6.14; P = 0.038; partial 2 = 0.434. The different intertrial transitions (same dimension same feature, same dimension different feature and different dimensions) did not show a significant effect, F(2,16) = 0.18; P = 0.839; partial 2 = 0.022, and the factors did not interact, F(2,16) = 0.94; P = 0.414; partial 2 = 0.105. Reaction times can be seen in Fig. 3 . The patients were considerably slower when targets were presented in the left hemifield (mean = 1102.56 ms; SD = 409.01 ms) compared with the right hemifield (mean = 1009.01 ms; SD = 372.98 ms).
To make sure that the lack of dimensional effects was not due to overall reaction times, the group was split (median split) into faster 
Dimensional carry-over group
Reaction times of the second patient group (Fig. 3) were significantly affected by the different intertrial transitions, F(2,30) = 28.83; P 5 0.001; partial 2 = 0.658, but only marginally by hemifield, F(1,15) = 3.59; P = 0.077; partial 2 = 0.193. These factors did not interact, F(2,30) = 0.18; P = 0.839; partial 2 = 0.012. In both hemifields, reaction times were considerably higher [left hemifield: 97.66 ms; F(2,14) = 10.93; P = 0.001; partial 2 = 0.609; right hemifield: 89.50 ms; F(2,14) = 13.79; P 5 0.001; partial 2 = 0.663] when the target's dimension changed across consecutive trials compared with when it was repeated (in the same-and different-feature conditions); dimensional carry-over effects were symmetrical, i.e. the costs of switching dimensions Figure 1 Reaction times of the control group are plotted separately for both hemifields as a function of the different intertrial transitions. RTs = reaction times; sdsf = same dimension same feature; sddf = same dimension different feature; dd = different dimensions.
Figure 2 Reaction time differences between the dimensional change and dimensional repetition condition in the dimensional effect group are shown in comparison with a lack of reaction time differences in the no-dimensional effect group. RTs = reaction times.
were equally large for colour and orientation targets for those participants who showed the dimensional carry-over effects. Overall reaction times of the group not showing a dimensional carry-over effect were on average higher (left field: mean = 1102.56 ms; SD = 409.01 ms; right field: mean = 1009.01 ms; SD = 372.98 ms) than reaction times in the group showing a dimensional effect (left: mean = 777.29 ms; SD = 253.24 ms; right: mean = 714.98 ms; SD = 190.58 ms). To make sure that the dimensional carry-over effects were not due to the overall faster reaction times, the dimensional effect group was split (median split) into the faster (n = 8; left: mean = 617.26 ms; SD = 102.21 ms; right: mean = 584.73 ms; SD = 86.98 ms) and slower patients (n = 8; left: mean = 937.32 ms; SD = 256.47 ms; right: mean = 845.23 ms; SD = 173.53 ms). The effects of intertrial transition were reliable [F(2,14) = 13.61; P = 0.001; partial 2 = 0.660 and F(2,14) = 19.85; P 5 0.001; partial 2 = 0.739, for the faster and slower groups, respectively].
The behavioural analysis suggested a clear difference between patients who did and who did not show dimensional effects in search. To look at potential connections between dimensional carry-over effects and working memory deficits, we looked for correlations between dimensional carry-over effects and several working memory measures.
Visuo-spatial attention and working memory battery
The magnitude of the dimensional carry-over effects in the patients (the difference between the mean reaction times of the dimensional change conditions minus the mean reaction times of the dimensional repetition conditions) was correlated with several measures of working memory: the score from the auditory attention task in the Birmingham Cognitive Screen , a measure of each patient's Corsi block span and the digit span (forward and backward). None of the working memory measures correlated with the dimensional effects auditory attention task (Birmingham Cognitive Screen), r = À 0.056; P = 0.792; Corsi block span: r = À 0.103; P = 0.625; digit span forward: r = 0.098; P = 0.642; digit span backward: r = 0.002; P = 0.792). As a measure for sustained attention, we subtracted the scores from the digit span forward from the digit span (Robertson, 1990) . The difference between backward and forward span-as a test for sustained attention-also did not correlate with the dimensional effects, r = À 0.161; P = 0.44. Consistent with this, there were no significant differences on the working memory measures between the patients who did or who did not show reliable dimensional carry-over effects: for the auditory attention task (Birmingham Cognitive Screen), t(23) = 1.05; P = 0.305; for Corsi block span, t(23) = 0.96; P = 0.347; for digit span forward, t(23) = 1.84; P = 0.078; for digit span backward, t(23) = 1.28; P = 0.212; backward minus forward span, t(23) = 1.54; P = 0.137.
To assess the neuroanatomical bases of the dimensional carry-over effects, we conducted voxel-based morphometry analyses assessing correlations between the dimensional carry-over effects and the underlying lesions.
Neuroimaging findings
We used whole brain statistical analyses (voxel-based morphometry) based on a general linear model to evaluate common structure-function relationships across the whole brain for grey matter in an unbiased group of chronic neuropsychological patients (patients were not selected based on either lesion location or behaviour).
Using the voxel-based morphometry approach, we controlled for visuo-spatial deficits, working memory and sustained attention problems in the patients by adding covariates for left and right spatial deficits (either visual neglect or visual extinction), working memory and sustained attention. We found that grey matter damage within the right inferior parietal lobule (the angular and supramarginal gyri) extending into the intraparietal sulcus was associated with reported lack of dimensional effects in patients (Table 2 and Fig. 4 ).
Discussion
We examined the neuronal substrates for dimensional biases in visual search by testing for dimensional carry-over effects in a non-biased sample of brain-injured patients. Behavioural performance was assessed in one group of patients with substantial dimensional carry-over effects (an average 90 ms difference between trials where the target was defined along the same dimension relative to trials where the target dimension differed), a group with no dimensional effects and a healthy control group (dimensional costs on average $65 ms). For all the groups, there was no effect of changing across consecutive trials the feature value within each critical dimension (from one colour to another, or one orientation to another). This result fits with findings by Mü ller and colleagues (Mü ller et al., 1995; Found and Mü ller, 1996; Gramann et al., 2007) and confirms their proposal that attentional weighting is dimension-specific, rather than feature-specific, in nature. In the study by Gramann et al. (2007) , this was also reflected in amplitude modulations of event-related potential components, which were unaffected by whether or not the target-defining feature changed within the repeated dimension. These data contrast with other findings where feature-specific effects have been found (Maljkovic and Nakayama, 1994; Wolfe et al., 2003) . At present, it is unclear why such differences occur. For example, studies showing feature effects have typically used component search tasks, where participants have to make a further discrimination after selecting the target, and these studies have also used smaller display sizes than studies showing a lack of feature carry-over. It may be that, with larger display sizes participants respond to the feature disparity rather than the feature value, resulting in a lack of feature-specific carry-over. Whatever the case, the current displays did support strong dimensional carry-over effects.
Voxel-based morphometry analyses (Ashburner and Friston, 2000) were applied to investigate the neural substrates of the dimensional carry-over effects by examining across the whole brain the relationship between grey matter damage and dimensional carry-over effects. The data showed that, controlling for potentially co-varying factors (e.g. visual neglect or extinction, working memory and sustained attention), grey matter damage within the right inferior parietal lobule (the angular and supramarginal gyri), extending into the intraparietal sulcus, was associated with a lack of dimensional carry-over effects in the patient group. Our data suggest that these regions of parietal cortex are necessary to attention shifting in the context of visual dimensional Figure 4 Voxel-wise statistical analysis of grey matter damage: dimensional effect versus no dimensional effects. The figure shows the areas associated with a lack of dimensional effects in patients (grey matter lesions within the right inferior parietal lobule extending into the intraparietal sulcus) controlled for left and right spatial deficits, working memory and sustained attention index. VBM = voxel-based morphometry. change (see also Pollmann et al., 2006) . The present results contrast with the effects reported by Kristjá nsson et al. (2005) . In the two cases of Kristjá nsson et al. (2005) , however, the lesions were more ventral than the critical site revealed in our study, and it may be that preservation of more dorsal regions of the angular and supramarginal gyrus, extending to the intraparietal sulcus, may have enabled these patients to still manifest dimensional carry-over effects. This would support the case for parcellation of the posterior parietal cortex (see also Gillebert et al., 2012) between ventral regions more critical for the detection of contralesional stimuli [e.g. both patients studied by Kristjá nsson et al.
(2005) had unilateral neglect] and more dorsal regions supporting memory-based carry-over effects and biases in non-spatial selection across trials. One possible reason for the lack of dimensional effects in the patients with damage to the angular gyrus, supramarginal gyrus and intra-parietal sulcus is that these regions support visual working memory Xu and Chun, 2006) , and this may be critical to sustain effects across consecutive trials. Against this, we found neither overall differences in working memory between the patient groups who did or did not show dimensional carry-over effects nor correlations between the carry-over effects and the measures of working memory for individual patients. There was no evidence that differences in working memory were critical. We also note that in studies such as that of Kristjá nsson et al. (2005) , the dimensional carry-over effects could even be observed when the patients had no conscious awareness of prior targets appearing on their affected side. This suggests that the dimensional carry-over effects do not necessarily reflect explicit memory across trials as opposed to the existence of some more automatic process of spatio-temporal updating that is performed by the posterior parietal cortex. Olivers and Humphreys (2004) reported data from another form of spatio-temporal updating based on preview effects in visual search, where earlier presented distractors are ignored (rather than targets being positively weighted for search, as here). Patients with posterior parietal damage showed a poor ability to update search so that the old items had the same attentional impact as new items. We propose that the posterior parietal cortex may play a general role in spatio-temporal updating, and that damage to the neural structures supporting this process limit the impact of prior targets on subsequent visual search. The present results also differ from previous reports (Pollmann et al., 2007) , which have stressed the role of the left fronto-polar cortex and that damage to this brain region disrupts dimensional effects. Though we found no evidence for this, fronto-polar lesions were not strongly represented in our sample. However, of the six patients with fronto-polar lesions, only three were in the no carry-over group, and the others did show carry-over effects. Hence, the evidence we have does not strongly support the necessary role of fronto-polar cortex in dimensional carry-over effects.
It may also be that the left fronto-polar cortex plays a different computational role in the dimensional effects than the parietal areas we found critical to performance. For example, the left fronto-polar cortex may signal a change when the target dimension shifts across trials while the posterior parietal cortex implements that shift by the updating of attentional weights. Gillebert et al. (2012) have argued that the middle section of the intraparietal sulcus is involved in setting attentional 'weights' to the locations of stimuli in order to bias visual selection. Our results indicate that this might be a more general function not confined to spatial selection but also reflecting selection through other stimulus features (e.g. colour, orientation). Whether the brain regions differ for the setting of weights for spatial and feature-based selection remains a question for future research.
Methodological considerations
The number of patients included in our study was relatively small and, being unselected, the patients had a range of lesions. We note, however, that the power of voxel-based morphometry is to use lesion diversity to enable different patients to act as controls for factors such as vascular territory, which can impact on the location of brain lesions (e.g. in stroke patients; Mort et al., 2003) . However, in relatively small patient samples the approach may be insensitive for lesion-symptom mapping if the diversity of lesions masks some critical brain areas. This potentially means that such methods in general may detect regions necessary, but not sufficient, for specific cognitive functions, i.e. detecting some, but not all, components of the neuronal network involved in a given task. This is in contrast to functional neuroimaging studies using a correlatory approach, which may detect all regions activated during a task, but these might not be necessary for performance. In this respect, approaches such as voxel-based morphometry may be complementary to functional brain imaging in normal populations.
